TRF2 is a component of shelterin, the telomere-specific protein complex that prevents DNA damage signaling and inappropriate repair at the natural ends of mammalian chromosomes. We describe a temperature-sensitive (ts) mutation in the Myb/SANT DNA-binding domain of TRF2 that allows controlled and reversible telomere deprotection. At 32°C, TRF2ts was functional and rescued the lethality of TRF2 deletion from conditional TRF2 F/− mouse embryonic fibroblasts (MEFs). When shifted to the nonpermissive temperature (37°C), TRF2ts cells showed extensive telomere damage resulting in activation of the ATM kinase and nonhomologous end-joining (NHEJ) of chromosome ends. The inactivation of TRF2ts at 37°C was rapid and reversible, permitting induction of short periods (3-6 h) of telomere dysfunction in the G0, G1, and S/G2 phases of the cell cycle. The results indicate that both the induction of telomere dysfunction and the re-establishment of the protected state can take place throughout interphase. In contrast, the processing of dysfunctional telomeres by NHEJ occurred primarily in G1, being repressed in S/G2 in a cyclin-dependent kinase (CDK)-dependent manner.
TRF1 and TRF2 are closely related telomeric DNA-binding proteins that anchor the other shelterin components (Rap1, TIN2, TPP1, and POT1) to the duplex TTAGGG repeat array of mammalian chromosome ends (Chong et al. 1995; Bilaud et al. 1997; Broccoli et al. 1997; de Lange 2005) . Both proteins bind DNA using a C-terminally located Myb/SANT-type DNA-binding domain. Deletion of TRF2 from TRF2 F/− mouse embryonic fibroblasts (MEFs) activates the ATM kinase signaling pathway and results in inappropriate nonhomologous end-joining (NHEJ)-mediated fusion of chromosome ends (Celli and de Lange 2005; Lazzerini Denchi and de Lange 2007) . Similar phenotypes are elicited by a dominant-negative allele of TRF2 or with transfection of siRNAs directed to TRF2 (van Steensel et al. 1998; Takai et al. 2003) . These methods of TRF2 inhibition are slow (taking >24 h), therefore thwarting attempts to determine the consequences of telomere dysfunction at specific stages of the cell cycle. Furthermore, the current approaches to inactivate TRF2 are not readily reversible. To create a more versatile experimental system, we aimed to generate a temperature-sensitive (ts) allele of TRF2. Although ts mutants have been instrumental in the analysis of cell cycle transitions and other aspects of the cell biology of fungi, ts alleles have been used only sporadically in mammalian cells, mostly in the context of viral transformation. We argued that the time frame of TRF2 inactivation at the nonpermissive temperature might be short compared with the time mammalian cells spend in G1 and S phase, thus potentially limiting the telomere insult to specific stages in the cell cycle. Here, we present data obtained with a reversible ts allele of TRF2 that leads to rapid telomere failure at the nonpermissive temperature and allows re-establishment of telomere protection at the permissive temperature. The results reveal the effect of cell cycle phase on telomere (dys)function and provide evidence that telomere repair by NHEJ occurs primarily in G1, being repressed in G2 by higher cyclin-dependent kinase (CDK) activity.
Results

Generation of a ts allele of TRF2
Several considerations focused our attention on the Myb/SANT DNA-binding domain of TRF2 as a target for generating a ts allele. The ability of TRF2 to bind telomeric DNA is essential for telomere protection (van Steensel et al. 1998) , the structure of the TRF2 Myb do-main is known (Court et al. 2005; Hanaoka et al. 2005; , and ts alleles resulting from mutations in the Myb/SANT domains of v-myb and Saccharomyces cerevisiae Rap1 have been documented (Li et al. 1989; Lustig et al. 1990; Kurtz and Shore 1991) . Guided by the structural information on the Myb/SANT fold, we generated single amino acid substitutions at 12 positions in the DNA-binding domain of TRF2 ( Fig. 1A ; Supplemental Table 1 ). Each mutation was tested in the context of mouse and human TRF2 for its effect on the expression and telomeric localization (Supplemental Table 1 ). In order to assess the function of the TRF2 variants in the absence of the wild-type protein, they were introduced into p53-deficient TRF2 F/− MEFs (Celli and de Lange 2005) and the endogenous TRF2 was deleted with Cre recombinase. The resulting cell populations, containing only the altered version of human or mouse TRF2 expressed from the introduced cDNA, were tested for their level of telomere protection at different temperatures. The presence of ␥H2AX foci at telomeres was used as an index for telomere dysfunction ( Fig. 1B ; Supplemental Table 1 ). MEFs containing the wild-type version of TRF2, which served as a control in these experiments, did not show DNA damage foci at telomeres regardless of the incubation temperature. As expected, several mutations appeared to interfere with TRF2 function in a temperature-independent manner, whereas others had no discernable effect on the behavior of TRF2. Three mutations in helix 1 of TRF2 (positions 450, 460, and 462 in human TRF2) resulted in TRF2 variants with slight differences in their ability to protect telomeres at different temperatures. One mutation in helix 2 (I468A) resulted in a mouse TRF2 allele that was fully capable of protecting telomeres at 32°C but not at 37°or 40°C ( Fig.  1B ; Supplemental Table 1 ). Because of its robust ts behavior, this allele of TRF2 was selected for further study.
Rapid telomere deprotection upon inactivation of TRF2ts
The I468A allele of mouse TRF2 (hereafter referred to as TRF2ts) was introduced into TRF2 F/− p53 −/− MEFs by retroviral transduction and the endogenous TRF2 allele was deleted from the transduced cells with Cre (Supplemental Fig. 1) . A parallel culture, referred to as TRF2wt, was treated the same except that wild-type TRF2 was introduced. Both forms of TRF2 were expressed at significantly higher levels than the endogenous TRF2 (see Fig.  2C ; data not shown). At the permissive temperature, the growth rates of the TRF2ts and TRF2wt cells were similar (doubling time 32 and 30.8 h, respectively) (Supplemental Fig. 1B) . However, when incubated for 1 or 2 d at 37°C the TRF2ts cells showed a substantial reduction in proliferation and viability (Supplemental Fig. 1C-E) , presumably due to telomere deprotection. Telomere deprotection was apparent from the phosphorylation of H2AX and the formation of telomere dysfunction-induced foci (TIFs) (Takai et al. 2003 ) by ␥H2AX and 53BP1 ( Fig. 1B-D ; Supplemental Fig. 2A ). The fraction of cells containing >15 ␥H2AX TIFs rapidly increased at the nonpermissive temperature, reaching the maximal value of ∼80% at 2 h ( Fig. 1C; Supplemental Fig. 2B ). The phosphorylated forms of H2AX and ATM were detectable in immunoblots at 1 h after the temperature shift (Fig. 1D) , and phosphorylation of Chk2 was detectable after 6-9 h (Supplemental Fig. 2C,D) . When cells were held at 37°C, the phosphorylated form of Chk2 persisted for several days (Supplemental Fig. 2C ) while some of the TIFs disappeared (Supplemental Fig. 2B ), presumably due to NHEJ-mediated repair of the deprotected telomeres (see below). As expected, the DNA damage response was largely abrogated in ATM −/− cells ( Fig. 1E,F ; Supplemental Fig. 2E ), consistent with the previously reported role for the ATM kinase in transducing the DNA damage signal resulting from TRF2 loss (Lazzerini Denchi and de Lange 2007). The activation of the ATM kinase pathway at telomeres in TRF2ts but not TRF2wt cells was a telomere-specific effect since both types of cells showed the same response to ionizing radiation (IR) (Supplemental Fig. 2F ).
Chromatin immunoprecipitation (ChIP) data confirmed the view that the TRF2ts allele lost telomerebinding activity at 37°C (Fig. 2A,B) . The recovery of telomeric DNA in ChIPs performed with antibodies to TRF2 or its binding partner Rap1 was twofold to threefold lower when cells were incubated at 37°C. Furthermore, the telomeric association of TIN2, TRF1, and POT1a was significantly reduced at 37°C ( Fig. 2A,B) , even though there was no obvious reduction in the expression levels of shelterin components ( Fig. 2C ; data not shown). The loss of POT1a may explain the transient phosphorylation of the ATR target, Chk1, which is observed at early time points after the inactivation of TRF2ts (Supplemental Fig. 2B ,C; Lazzerini Denchi and de Lange 2007). As these data suggested that TRF2ts evacuated the telomeres at 37°C, we tested whether this release also occurred in isolated nuclei. Indeed, a substantial fraction of TRF2 as well as both forms of mouse POT1 were released from isolated nuclei upon their incubation at 37°C but not at 4°C (Fig. 2D) . Collectively, the data indicate that the ts allele of TRF2 lacks the ability to maintain its association with telomeric DNA at 37°C. As a consequence, telomeres have diminished levels of TRF2 and its interacting partners Rap1 and TIN2.
Reversibility of the TRF2ts allele
TRF2ts protein was relatively stable at 37°C, remaining detectable in cells incubated for 30 h at the nonpermissive temperature (Fig. 2C) . Similarly, Rap1, which depends on TRF2 for its stability (Celli and de Lange 2005) , persisted at 37°C, as did TRF1 and POT1a (Fig. 2C) . The continued presence of TRF2ts suggested that TRF2 might reassociate with telomeres when cells are shifted back to 32°C. Indeed, ChIP data indicated that upon a shift to 32°C, the telomeric association of TRF2 and other shelterin components was improved ( Fig. 2A,B) . In addition, the TIF response in TRF2ts cells was attenuated when the cells were shifted back to 32°C. Although a fraction of the cells continued to show signs of telo-mere damage, the majority of the cells appeared to reestablish telomere protection within 2 h (Fig. 2E,F) . Furthermore, the phosphorylation of H2AX diminished strongly within 3 h of incubation at the permissive tem- perature (Fig. 2G ). In addition, brief (12 h or less) incubation at 37°C did not diminish the ability of the cells to form colonies, although longer incubation periods reduced cell viability (Supplemental Figure 1E) . The dwindling of the TIFs was not due to DNA repair because they also disappeared from cells that lack DNA ligase IV, which is required for the NHEJ repair of dysfunctional telomeres (Supplemental Fig. 3A ; Celli and de Lange 2005) . We also checked that the decreased TIF frequency was not simply the result of incubation at a lower temperature by analyzing the frequency of TIF-positive cells in TRF2 F/− p53 −/− MEFs that were shifted to 32°C after Cre-mediated deletion of TRF2 (Supplemental Fig. 3B ). These cells showed unmitigated telomere deprotection at the lowered temperature, indicating that TIFs can be formed and/or persist at 32°C. Finally, IR treatment elicited the expected DNA damage response in TRF2ts cells that were shifted back to 32°C (Supplemental Fig. 3C ), indicating that their ability to respond to genome-wide DNA damage was intact. Therefore, we conclude that the I468A mutation in mouse TRF2 generates a protein whose ability to protect telomeres can be switched on and off in a temperature-dependent manner.
Induction of telomere dysfunction in G0, G1, and S/G2
The rapid inactivation of TRF2ts allowed us to examine the cellular response to TRF2 loss in different stages of the cell cycle ( Fig. 3A-C) . In order to examine the TIF response in G0, TRF2ts MEFs were arrested by serum starvation for 4 d, shifted to 37°C, and examined for the presence of TIFs after 3 h. Cells were synchronized in G1 by serum starvation followed by release into regular media and shifted to 37°C at 15 h after release into the cell cycle. Finally, S/G2 cell populations were generated using the serum starvation/release protocol, followed by aphidicolin treatment to synchronize cells at the beginning of S phase. Removal of aphidicolin resulted in a population of cells that were in late S phase or G2 7 h later when they were shifted to 37°C. The TIF response in these three synchronized populations of cells was very similar and not significantly different from the TIF response in asynchronous cells. Therefore, we conclude that telomeres can become deprotected in most interphase cells. Loss and re-establishment of telomere protection in G0, G1, and S/G2. (A) Experimental time line for synchronization of TRF2ts cells in G0, G1, and S/G2. TRF2ts cells were arrested in G0 with low serum for 4 d (top) and released into normal medium, and cells in G1 were isolated after 15 h (middle, see FACS profile at 15 h). (Bottom) For S/G2, G0 cells were released into normal medium followed by an aphidicolin block. At 7 h after release from aphidicolin, cells were in S/G2 (see FACS profile). (B) Reversible induction of ␥H2AX TIFs in G0, G1, and S/G2. TRF2ts cell in G0, G1, S/G2 were incubated for 3 h at 37°C with or without subsequent incubation for 3 h at 32°C and processed for ␥H2AX TIFs by IF-FISH as in Figure 1B 
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Telomeres can regain their protected state in G0, G1, and S/G2
We next asked whether the re-establishment of the protected state, as measured by the disappearance of TIFs, was cell cycle-dependent. Cells in G0, G1, or S/G2 were shifted to 37°C, held at the nonpermissive temperature for 3 h, and then moved back to 32°C. The cell populations showed a significant reduction in TIF-positive cells at 32°C regardless of which cell cycle stage the cells were in (Fig. 3B,C) . In all cases, there was a 50% reduction in this index for telomere deprotection, and the re-establishment of telomere protection was similar to that observed in asynchronous cells (Fig. 3C) . Vector control cells treated with the same protocol showed persistent telomere deprotection, indicating that the ability of cells to regain telomere protection was dependent on TRF2 (Supplemental Fig. 3B ). These results indicate that telomeres have the same ability to regain their protected state in G0, G1, and S/G2. Thus, the re-establishment of telomere protection does not require progression through DNA replication or mitosis.
NHEJ of dysfunctional telomeres occurs primarily in G1
In budding and fission yeast, NHEJ is largely limited to G1 most likely because CDK activity promotes resection of DNA ends in S and G2, thereby stimulating homologous recombination (HR) at the expense of NHEJ (Moore and Haber 1996; Godhino Ferreira and Promisel Cooper 2001; Aylon et al. 2004; Ira et al. 2004; Aylon and Kupiec 2005; Daley et al. 2005) . For mammalian cells, it has been difficult to determine whether NHEJ is similarly confined to G1. Although NHEJ deficiency has a greater impact on the ability of cells to survive IR when radiated in G1 than in G2 (Stamato et al. 1988; Jeggo 1990; Rothkamm et al. 2003) , this observation does not preclude that NHEJ is equally active in G1 and G2. Indeed, NHEJ of an ISceI-induced double-strand break (DSB) was found to be equally efficient in G1/S and G2/M (Guirouilh- Barbat et al. 2007 ) and a role for NHEJ in (post-)replicative repair of DSBs was supported by observations in mice lacking Rad54 and DNA ligase IV (Mills et al. 2004 ). Furthermore, the NHEJ factor Ku70 can be detected at sites of laser-induced DNA damage in G1 and S/G2 (Kim et al. 2005) , although quantitative ChIP suggested a much stronger association of Ku80 with an ISceI-induced DSB in G1 versus S/G2 (Rodrigue et al. 2006) . Previous work has shown that NHEJ of dysfunctional telomeres can occur in G0, G1, and S/G2 (Bailey et al. 2001; Smogorzewska et al. 2002 ), but it is not known whether NHEJ of telomeres is more prominent in one of these cell cycle stages. In order to gain further insight into the cell cycle aspects of the NHEJ pathway, we analyzed telomere fusions in the context of the TRF2ts mutant (Fig. 4) .
As expected, telomere fusion was a prominent outcome of telomere deprotection through inactivation of the TRF2ts allele at 37°C. Strikingly, while the TIF response was fast, occurring within hours, telomere fusions were slow to appear, gradually increasing over a period of 24 h (Fig. 4A) . Furthermore, when cells were shifted to the nonpermissive temperature for 4 h and then incubated at 32°C, metaphase spreads harvested in the first 4-6 h after TRF2 inactivation did not show evidence of telomere fusions. Telomere fusions were first detected after 12 h and rose to peak levels at 18-24 h after the temperature shift (Fig. 4B) .
The delayed wave of telomere fusions could be explained if NHEJ occurred primarily in G1. To test this possibility further, cells were synchronized in G0 by serum starvation and released into media containing BrdU so that their progression through G1 into S phase could be followed based on BrdU incorporation. The cells were shifted for 4-h time periods to 37°C either in G1 or in S/G2, and their cell cycle stage was verified by FACS analysis (data not shown) and level of BrdU incorporation (Fig. 4C) . Whereas telomere fusions were infrequent in the cells that had experienced 37°C during or after DNA replication, they were readily observed in cells treated at 37°C in G1 (Fig. 4C,D) . Telomere fusions were also infrequent when cells were released from an aphidicolin block, allowed to progress into S/G2, and then incubated at 37°C (Fig. 4D) . In this setting, the formation of sister telomere fusions was also monitored, since such fusions might be prominent after DNA replication. Sister telomere fusions were infrequent even when TRF2 was inactivated in S/G2 (Fig. 4D) .
We further queried the NHEJ-mediated processing of dysfunctional telomeres by direct analysis of telomeric DNA. Telomere fusions can be detected in isolated telomeric DNA based on the loss of the telomeric 3Ј overhang and the appearance of higher-molecular-weight fragments. Both aspects of telomere fusion were evident in G0-arrested cells when they were incubated at the nonpermissive temperature (Fig. 4E ), indicating that NHEJ was occurring in G0 and did not require progression through S phase. As expected, the extent of telomere processing was greater in the G0 cells than in the asynchronous population, which contains a large fraction of cells in S/G2/M (Fig. 4E) .
Since the data suggested that NHEJ of telomeres is more prevalent in G1 than in S/G2, we asked whether this difference was a consequence of the lower CDK activity in G1. In order to lower the CDK activity in S/G2, synchronized TRF2ts cells were treated with the CDK inhibitor roscovitine during the 4-h period of incubation at 37°C. This treatment resulted in a significant induction of sister telomere fusions (8% of chromosomes) but not chromosome-type fusions. The sister telomere fusions were diminished in cells lacking DNA ligase IV, indicating that most were the result of NHEJ. Thus, NHEJ can act on telomeres after their replication, but this process is inhibited by a CDK-dependent pathway.
Discussion
Mammalian cells use shelterin to distinguish natural chromosome ends from sites of DNA damage (de Lange 2005) . When shelterin is inactivated, the resulting dysfunctional telomeres activate the canonical DNA dam-age signal transducers ATM and ATR, initiating a cascade of downstream phosphorylation events that is indistinguishable from the cellular response to genomewide genotoxic insults. Furthermore, dysfunctional telomeres can be processed by the two main DNA damage repair pathways, HR and NHEJ. These attributes One-thousand to 1500 chromosomes were scored for fusions. (B) Time course of the occurrence of telomere fusions after incubation at 37°C. TRF2ts cells were incubated for 4 h at 37°C, shifted to 32°C, and incubated for the indicated time. Telomere fusions were scored on 1000-1500 metaphase chromosomes per time point. (C) Incidence of telomere fusions after inactivation of TRF2ts in G0, G1, and S/G2. TRF2ts cells were arrested in G0 by serum starvation and released into serum-containing medium containing BrdU. Cells were incubated for 4 h at 37°C at 12 and 16 h after release when cells are in G1, and at 36 h when cells are in S/G2. Cells were shifted back to 32°C and harvested at 45 h after G0 release. Prior to preparation of metaphase spreads, cells were incubated for 2 h with colcemid. BrdU incorporation was determined by FACS. (D) Quantification of telomere fusions using the experimental setup shown in C. Bars represent mean values from three experiments and SDs (error bar). (*) P < 0.05, based on nonpaired Student's t-test. (E) NHEJ processing of telomeres in G0. DNA was isolated from TRF2ts cells treated for the times indicated above the lanes at 37°C ([Asyn] asynchronous population) and analyzed by in-gel hybridization for the status of the telomeric overhang and telomere fusions. Molecular weights are indicated in kilobases. (F) Inhibition of CDK activity with roscovitine induces sister telomere fusions in S/G2. TRF2ts cells with or without DNA ligase IV were arrested in G0, released into normal medium followed by aphidicolin block, and released again to proceed into S/G2 for 7 h. Cells were incubated for 4 h at 37°C with or without roscovitine and telomere fusions were scored as in D. (Inset) Metaphase chromosomes with sister fusions (arrowheads).
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The ts mutation in TRF2 changes a single amino acid in helix 2 of the Myb/SANT DNA-binding domain and results in a protein with diminished telomere-binding activity at 37°C. TRF2ts affords telomere protection at 32°C but is released from telomeres when shifted to 37°C. The resulting deprotected telomeres become processed as sites of DNA damage, rapidly activating the DNA damage signaling cascade and leading to NHEJmediated repair reactions. Remarkably, the TRF2ts allele is stable at the nonpermissive temperature and its inactivation is reversible: TRF2ts is able to rebind and protect telomeres upon a shift back to the permissive temperature. Due to these unique features, TRF2ts affords controlled deprotection of telomeres for desired time periods. These features compare favorably with other inducible systems (e.g., estrogen receptor [ER] fusions, inducible promoters, and FKBP degrons), which are either slower or not readily reversible.
The use of TRF2ts revealed the outcome of telomere dysfunction imposed at different stages of the cell cycle. The results indicate that telomere deprotection, as measured by the formation of TIFs, can be induced equally in G0, G1, and S/G2. Furthermore, such dysfunctional telomeres can regain their protected state in all stages of interphase upon incubation at the permissive temperature. Re-establishment of the protected state, as measured by the disappearance of TIFs and dampening of the DNA damage signal, is rapid, taking <3 h, and does not involve repair of the telomeres by NHEJ. Thus, the components needed to establish telomere protection in this context must be available in G0, G1, and S/G2 cells.
Whereas the loss and regain of telomere protection was not affected by cell cycle stage, the repair of deprotected telomeres by NHEJ was. NHEJ was significantly more prominent in G1 than in S/G2. In cell synchronization experiments, telomere fusions were five times more frequent when the telomeres had been uncapped in G1. The lower frequency of telomere fusions in S/G2 is due, in part, to the higher CDK activity in this phase of the cell cycle. Our results are consistent with findings in budding and fission yeast, where NHEJ repair of DSBs and uncapped telomeres is largely limited to G1 (Moore and Haber 1996; Godhino Ferreira and Promisel Cooper 2001; Aylon et al. 2004; Ira et al. 2004; Aylon and Kupiec 2005; Daley et al. 2005) . Our findings are not in line with a previous demonstration that NHEJ of an induced DSB is equally efficient in cells arrested for >15 h in G1/S and G2/M with mimosine and nocodazole, respectively (Guirouilh-Barbat et al. 2007 ). There are many explanations for this discrepancy, one being that our study analyzed cells progressing through a normal cell cycle rather than being arrested.
Our results also inform on the rate of NHEJ of deprotected telomeres. Under conditions where most telomeres are associated with DNA damage factors for a 4-to 7-h time period, only 10%-15% of the telomeres become joined. This rate of fusion is slow compared with the rate of DSB repair in cells treated with IR or other genotoxic agents. In contrast, the majority of IR-induced DSBs are repaired in <2 h and most of this repair is thought to involve NHEJ (Lobrich et al. 1995) . One reason why repair of telomeres may be slow compared with the repair of random DSBs is that the distance between the DNA ends that will become joined. It was shown recently that the two ends created by a chromosome-internal DSB remain in close proximity (Soutoglou et al. 2007 ), presumably facilitating their joining. In contrast, most deprotected telomeres will be at a considerable distance from a potential fusion partner. Due to the slower time frame, telomere deprotection using the TRF2ts mutant may therefore provide a better setting to study the individual steps of NHEJ.
By mutating only 12 positions in the Myb/SANT domain of TRF2, we uncovered the strong ts allele used in these studies as well as three weaker ts alleles. This indicates that the Myb/SANT domain, in particular helices 1 and 2, are good targets for generating ts mutations. The Myb/SANT motif is a frequently used fold that serves as a DNA recognition module in a large array of different transcription factors. Given the small number (<25) of helix 1/2 residues to be queried, generating ts mutants in Myb/SANT transcription factors may be less daunting than anticipated previously.
Materials and methods
Mutagenesis of TRF2
Mutagenesis was carried out using QuickChange Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions. The template used was a pcDNA-based TRF2 (human or mouse) construct lacking the basic domain of TRF2, which, due to its high GC content, interferes with efficient PCR. Mutated TRF2⌬B versions were cut with BamHI and EcoRI and inserted into the Gateway pENTR acceptor plasmid containing the basic domain of human or mouse TRF2. All constructs were sequenced, and mutated TRF2s were transferred into a Gateway-modified pWzl-myc destination vector using clonase (Invitrogen). Lig4 −/− MEFs were described previously (Celli and de Lange 2005) . TRF2 mutant alleles were expressed from the retroviral pWzl vector followed by hygromycin selection at 37°C. Cells were moved to 32°C, and infected with H&R Cre retrovirus to remove the floxed TRF2 allele. From this point on, cells were maintained at 32°C.
Generation of TRF2ts and TRF2wt cells
TIF assay
IF-FISH to detect TIFs was performed as described previously (Dimitrova and de Lange 2006) using primary antibody against ␥H2AX (mouse monoclonal, Upstate Biotechnology), 53BP1 (100-304, Novus Biologicals), and secondary antibody raised against mouse and rabbit labeled with Rhodamine Red-X (RRX, Jackson). Briefly, cells grown on coverslips were fixed for 15 min in 2% paraformaldehyde at room temperature, followed by 15 min in 100% methanol at −20°C. After rehydration in PBS for 5 min, cells were incubated for 30 min in blocking solution (1 mg/mL BSA, 3% goat serum, 0.1% Triton X-100, 1 mM EDTA in PBS). Next, the cells were incubated with primary antibodies in blocking solution for 1 h at temperature, washed three times in PBS, incubated with secondary antibodies in blocking solution for 30 min, and washed again three times in PBS. At this point, coverslips were fixed with 2% paraformaldehyde for 15 min at room temperature; washed again twice in PBS; dehydrated consecutively in 70%, 95%, and 100% ethanol, 5 min each; and allowed to dry completely. Hybridizing solution (70% formamide, 1 mg/mL blocking reagent [Roche], 10 mM TrisHCl at pH 7.2, containing PNA probe Tamra-(TTAGGG) 3 [Applied Biosystems]) was added to each coverslip, and the cells were denatured by heating for 10 min at 80°C on a heat block. After 2 h incubation at room temperature in the dark, cells were washed twice with wash solution (70% formamide, 10 mM Tris-HCl at pH 7.2) and twice in PBS. DNA was counterstained with 4,6-diamidino-2-phenylindole (DAPI) and slides were mounted in 90% glycerol/10% PBS containing 1 µg/mL p-phenylene diamine (Sigma). Digital images were captured with a Zeiss Axioplan II microscope with a Hamamatsu C4742-95 camera using Improvision OpenLab software.
Immunoblotting
Cells were lysed in 2× Laemmli buffer (100 mM Tris-HCl at pH 6.8, 200 mM DTT, 3% SDS, 20% glycerol, 0.05% bromophenol blue) at 10 4 cells per microliter, denatured for 5 min at 100°C, and sheared with an insulin needle before loading the equivalent of 1 × 10 5 cells per lane. After immunoblotting, membranes were blocked in PBS or TBS with 5% milk and 0.1% Tween20, and incubated with the following primary antibodies in 5% milk and 0.1% Tween20: affinity-purified rabbit antibody raised against mTRF2, #1254; mRAP1, #1252; mTRF1 (A. Sfeir and T. de Lange, unpubl.); ␥-tubulin (clone GTU 488, Sigma); ␥H2AX (mouse monoclonal, Upstate Biotechnology); phosphorylated ATM S-1981 (mouse monoclonal, Cell Signaling Technology); phosphorylated Chk1 S-317 (rabbit monoclonal, Cell Signaling Technology); Chk2 (mouse monoclonal, BD); myc (clone 9E10, Calbiochem). Immunoblots for POT1a and POT1b were performed using the renaturation protocol described previously (Loayza and de Lange 2003; Hockmeyer et al. 2006 ) with affinity-purified antibody raised against POT1a #1221 and POT1b #1223. Blots were developed with enhanced chemiluminescence (Amersham).
ChIP
ChIPs were performed as described previously (Loayza and de Lange 2003; Ye et al. 2004 ) with some modification. Cells were cross-linked on the dish with 2% paraformaldehyde for 30 min at room temperature followed by chelating with glycine, washes with cold PBS, and treatment with 20% trypsin followed by inactivation with serum. Cells were scraped, washed twice in cold PBS, resuspended into cell lysis buffer (5 mM PIPES at pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM PMSF, Complete protease inhibitor cocktail [Roche]) at 1 × 10 7 cells per milliliter, incubated for 10 min on ice, and centrifuged at 5000 rpm for 10 min. Pellets were resuspended in ChIP immunoprecipitation buffer (20 mM Tris-HCl at pH 8.0, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, 1 mM PMSF, Complete protease inhibitor) and then sonicated. Lysates were centrifuged at 13,400 rpm for 10 min and the supernatants were used in immunoprecipitations with affinity-purified rabbit antibody raised against mTRF1 #644, mTRF2 #1254, mRap1 #1252, mPOT1a #1221, and mTIN2 #1447 (J. Donigian and T. de Lange, unpubl.). Precipitated DNA was washed, extracted, blotted, and hybridized with TTAGGG repeat probe to detect telomeric DNA.
In vitro release of TRF2 from nuclei
Cells were washed in cold PBS, resuspended in solution A (10 mM Hepes at pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 0.34 M sucrose, 10% glycerol, 0.1% Triton X-100, 1 mM DTT, 1 mM PMSF, Complete protease inhibitors), incubated on ice for 10 min, and centrifuged at 1300g for 4 min. Pellets were washed with solution A, resuspended in solution B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1 mM PMSF, Complete protease inhibitor), incubated on ice for 30 min, and centrifuged at 1700g for 4 min. Pellets were washed with solution B twice and pellets were resuspended in a small volume of solution B, incubated for 30 min at 4°C or 37°C, and centrifuged. Supernatants and pellets were collected and used for Western blot analysis.
Cell synchronization
G0 synchronization was done by serum starvation. Cells were plated at 1 × 10 6 cells per 10-cm dish or 1.5 × 10 7 to 2.0 × 10 7 cells per 15-cm dish in medium supplemented with 0.5% serum and incubated for 96 h. Cells were harvested and plated at 1 × 10 6 cells per 10-cm dish in medium supplemented with 10% serum to allow them to proceed to the G1 cell cycle phase. Aphidicolin was added 12 h after G0 release and cells were incubated for 12-15 h to synchronize in early S phase. Cells were then washed with PBS three times and incubated in normal medium to proceed to the G2 cell cycle phase.
Telomere FISH on metaphase spreads
Cells were harvested at the indicated time points and fixed as described previously (van Steensel et al. 1998) . Metaphase spreads were aged overnight and peptide nucleic acid (PNA) FISH was performed (Lansdorp 1996) . Briefly, slides were washed in PBS once and dehydrated by consecutive 5-min incubations in 70%, 95%, and 100% ethanol. After air-drying, hybridizing solution (as in IF-FISH) containing FITC-OO-(CCCTAA) 3 PNA probe (Applied Biosystems) was added and spreads were denatured by heating for 3 min at 80°C on a heat block. Spreads were hybridized in the dark for 2 h at room temperature. Two 15-min washes were performed in 70% formamide/10 mM Tris-HCl (pH 7.0)/0.1% BSA, followed by three washes in 0.1 M Tris-HCl (pH 7.0)/0.15 M NaCl/0.08% Tween-20 with DAPI added to the second wash to counterstain the chromosomal DNA.
Pulsed-field gel electrophoresis and in-gel detection of telomeric DNA
The detection and quantitation of single-stranded (G-overhang) telomeric DNA and double-stranded telomeric DNA was performed as described previously (Celli and cells were treated incubated at 37ºC (top) and shifted back to 32ºC (bottom) followed by irradiation with 2.5
Gy IR. In each of the samples, γH2AX foci at telomeres (TIFs) or elsewhere in the genome (IRIFs) were scored.
